The solvothermal synthesis of framework isomers was carried out using the hybrid carboxylate and tetrazolate functional ligand, 4-tetrazolyl benzenecarboxylic acid (H2TBC, TBC = 4-tetrazolyl benzenecarboxylate) and zinc. H2TBC was also synthesized with the solvothermal approach, and is referred herein as structure 1. Using single-crystal X-ray diffraction, we found that the tetrazolate groups of TBC show an unusual "opposite-on" coordination mode with zinc. Three previously characterized metal-organic frameworks (MOFs) were obtained by systematically changing the solvents of the H2TBC-Zn reaction, (1) ZnTBC, 2, which has a non-porous structure; (2) Zn2(TBC)2(H2O), 3, which has an amphiphilic pore structure and (3) Zn2(TBC)2{guest}, 4, which is porous and has channels containing uncoordinated N heteroatoms. Fluorescence spectra of 4 reveal a strong blue emission mainly from the TBC ligands.
Introduction
Metal-organic frameworks (MOFs) have recently become active materials in gas storage, and separation applications because of their high surface area, functionalizable pore structures and diverse coordination modes between ligands and metal ions [1] [2] [3] [4] [5] [6] . The combination of carboxylate and zinc ions is the most common coordination pair in the reported MOFs. Recently, new ligands based on nitrogen coordination functional groups with zinc ions have become popular due to their similar pKa values of about 4, and their multiple electron donating positions [7, 8] . New studies are being performed on hybrid ligands that incorporate two or more functional groups to determine if more topologies and applications can result. The most studied examples of hybrid ligands are those that incorporate the tetrazolate and carboxylate functional groups attached to a benzene ring formally known as the tetrazolyl benzenecarboxylic acid (H2TBC) (Figure 1 ). One of the most difficult steps in engineering MOFs is finding the correct synthetic parameters that will yield the desired structure. Parameters such as the temperature, pressure, pH, heating time, metal source, organic ligands and solvents used are vital towards producing structures with high purity, crystal size, and particular properties [9] . The hydrothermal technique is one of the most widely used forms of synthesis for MOFs because it utilizes readily available water as a solvent source. While this technique is very handy at producing water stable MOFs, other water-unstable MOFs require other synthetic approaches. The solvothermal synthesis is the second most used technique for the preparation of MOFs with different types of topologies and porosities. The solvothermal technique offers the opportunity of utilizing other solvent sources with different polarities, molecular sizes, and properties that the hydrothermal technique lacks, plus the prospect of forming new organic ligands not possible with regular synthetic conditions [10] . On occasion, changing the solvent system or the reaction conditions to obtain MOFs can result in MOFs built from the same metal ions and ligands, but differ in their connectivity or structure all together. This phenomenon has been described by Makal, Yakovenko, and Zhou (2011) as "Framework Isomers" [11] . They define "Framework Isomers" as "MOFs constructed from the same ligands and metal species that display different network structures". This type of phenomenon has been shown in MOFs constructed from H2TBC and Zinc by changing the solvent system. Historically MOFs utilizing H2TBC as the ligand have for the most part been paired with zinc via the hydrothermal technique. [12] reported the synthesis of a zinc(II) 4-(5H-tetrazolyl)benzoic coordination polymer exhibiting a GSI topology. This particular MOF was produced in a one pot hydrothermal synthesis set at 140 °C utilizing sodium 4-cyanobenzoic acid, sodium azide, and zinc bromide as the starting materials. The article stated that the addition of HCl will cause decomposition of the MOF into the H2BTC ligand, and production of the MOF from the H2BTC ligand and zinc bromide was not observed. Another paper by Song et al. (2008) [7] also reported the same structure as that as [12] [8] reported the synthesis of a tubular framework constructed by trigonal rings second building units. While this paper did not report specifically the details of the synthesis, it is known that a hydrothermal technique was utilized on sodium azide, sodium 4-cyanobenzoic acid and zinc bromide, according to the procedures by [12] , except maybe the heating conditions. Wei et al. (2012) [13] described the synthesis of a new highly porous Zn-TBC structure prepared via the solvothermal technique. Unlike the previous reported Zn-TBC structures, the structure presented by Wei et al. (2012) was synthesized with zinc nitrate and the H2TBC ligand dissolved in methanol at a temperature of 150 °C for three days. This achievement prompted the utilization of the solvothermal technique to produce several MOFs that might realize different topologies by varying the solvent system in the synthetic conditions but maintaining the heating conditions and starting materials constant. This study reports a crystallographic study of solvothermally grown H2TBC ligands, as well as framework isomer MOFs composed of the 4-tetrazolyl benzenecarboxylic acid (H2TBC) ligand and zinc metal ions under varying solvent systems. When the pyridyl group is replaced by the tetrazole, the multi-coordination modes of tetrazole groups [14] of the TBC ligand are expected to increase variations of link directions and help to build multi-topology MOF structures. In the synthesized MOFs, the "opposite-on" [15] coordination site of tetrazolate groups with zinc was the main coordination mode. Such coordination mode therefore prevented the formation of zinc clusters, leading the MOFs to the condensed form. However, the MOF with both hydrophilic and hydrophobic channels, and the MOF with channel structures containing uncoordinated N heteroatoms were obtained by changing the reaction solvents used.
Results and Discussion

An "Imidazolate"-Like Coordination Mode for Tetrazolate in TBC
Addition of excess Zn(NO3)2· 6H2O during a reaction with H2TBC under hydrothermal conditions yielded a quantitative amount of hair-like crystals of 1. To have a more clear understanding of the coordination behaviors of the TBC ligands, the arrangement of the proton ion on the TBC ligands were studied by single X-ray crystallography test of the crystalized TBC ligand only. As shown in Figure 1 , the crystal structure of the TBC ligands, demonstrates that the proton is located at N(1) positions, indicating that the electrons were more localized around N(1) or N(4) atoms. The distances of N-N in N(1)-N(2) is 1.353 (2) Å and N3-N4 is 1.335 (2) Å, which indicated the N to N single and double bonding character respectively elongated the tetrazolate rings. This result is consistent with the observation in the TBC-Zn coordination compounds. Studies of the bonding distances show the distance of N(2)-N(3) is about 1.306 (2) Å (average value from CCDC is 1.317 Å) which is close to the N=N double bond, and N(1)-N(2) or N(3)-N(4) is about 1.350 (2) Å (average value from CCDC is 1.346 Å) which is more close to the N-N single bonds [16] . Therefore, it suggests that in the deprotonated tetrazolate rings, there is an aromatic effect and the electron is delocalized around the whole ring. The N-N distances suggested that between N(2) and N(3) the electron overlap is stronger than the rest of the ring. As a result, there was a higher amount of electron density around N(1) and N(4) than that of N (2) and N(3). Though N(1) and N(4) had more steric effect in coordination, they seem to be more easily coordinated to the zinc ions than N(2) and N(3) in these 3-D frameworks because more donor electrons are around them.
It is also found that in the reported tetrazolate ligands-metal compounds [12] , usage of N (1) or N(4) atoms to mono-coordinate with metal ions was a general coordination mode, which also indicated the electron influence to the coordination mode of such ligands. If the µ2-N(2), N(3) coordination mode of tetrazolate is analogous to the carboxylate group, the "opposite-on" µ2-N(1), N(4) coordination mode of tetrazolate is the analogous to imidazolates. These results were also confirmed by quantum chemical calculations of charge distribution within the molecule. Figure 2 shows that N(1) and N(4) have more negative charge as compared to N(2) and N(3). In fact both oxygen atoms, N(1) and N(4) appeared to contain the same amount of negative charge that allowed for coordination with the zinc ion. As it will be discussed below reaction between Zn(NO3)2· 6H2O with TBC in the different solvent systems results in different MOF structures from nonporous to porous. The solvate molecules here act as structure directing agents during the formation of MOFs 2-4. However, in all of MOFs 2-4, coordination modes of the tetrazolate group of TBC were the same. Both N(1) and N(4) atoms were fully coordinated to zinc. In all of the frameworks 2, 3 and 4, N(1) and N(4) were preferable coordination positions. 
Synthesis and Characterization of ZnTBC, 2, Zn2(TBC)2(H2O), 3 and Zn2(TBC)2, 4
Reaction between Zn(NO3)2· 6H2O and H2TBC under solvothermal conditions in water gave a quantitative yield of colorless to yellowish crystals characterized as ZnTBC, framework 2 shown in Figure 3 [7, 12, 17] . In this framework, zinc atoms had tetrahedral coordination with two oxygen atoms from the carboxylate groups and two nitrogen atoms from the tetrazolate groups of the TBC ligands. The carboxylate groups bridge the zinc atoms to form chain structures, and such chains were linked by the tetrazolates to form a 3D network. The bridging carboxylate groups were in syn-anti conformation. Framework 2 is non-porous. Something to note in framework 2, is the TBC ligands only use N(1) and N(4) nitrogen atoms of the tetrazolate groups to coordinate with zinc. Unlike previous reports [12] , framework 2 was synthesized using the H2TBC ligand and not just sodium azide, and sodium 4-cyanobenzoic acid. When synthesized in H2O and MeOH mixed solvents (1:1 v/v), PXRD analysis showed a main product of compound 2 obtained but with a minor peak of an unknown phase which we will discuss in more detail later in the paper. Single crystal analysis of chosen crystals revealed the unknown phase may belong to a new framework structure Zn2(TBC)2 (H2O), compound 3 as seen in Figure 4 .
Compound 3 had different coordination modes of the tetrazolate and carboxylate groups from 2. In compound 3, the tetrazolate groups still used N(1) and N(4) atoms to coordinate with zinc ions, and carboxylate groups were bridged-coordinated with two zinc atoms/ions. There were two unique zinc coordination environments found in 3: Zn(1) had a tetrahedral coordination environment bound to four TBC ligands, with two of the TBC ligands bound through the carboxylate carbonyl and two bound through the tetrazole N(1). This Zn(1) moiety formed an aggregated cyclic trimer Zn3(TBC)6 (Figure 4a ). The final network was formed by assembling the Zn3 trimers though Zn(2) atoms in a five coordinated trigonal bipyramid fashion through the tetrazolate groups. Hydration water molecules were found coordinated to the Zn(2) atoms. Unlike compound 2, compound 3 showed a 1D channels structure (Figure 4b ). There are two types of channels structures that co-exist in 3, here referred to as Channel A and Channel B [8] . Channel A formed only by aromatic phenyl rings (shown as grey color in Figure 4 ), therefore the interior wall of Channel A was apparently hydrophobic in character. In contrast, the channel B had an interior wall composed by tetrazole nitrogen atoms (shown as a blue color in Figure 4b ) and coordinated water molecules facing the channel suggesting that channel B was significantly hydrophilic in character. The maximum aperture size in Channel A is ~1.3 Å in diameter.
In the formation of 3, the solvents, MeOH, and water seemed combinative to act as a template to induce the formation of the amphiphilic channel structures. An effort to produce pure 3 samples was unsuccessful. All of the reactions using water and MeOH mixed solvents 1:1 resulted in compound 2 as the main product. However, when anhydrous MeOH was applied as the solvent, a third new framework 4 resulted. As shown in Figure 5 , in framework 4 each Zn atom was also tetrahedral coordinated with N2O2 set from the TBC ligands. However, different from 2, the bridging carboxylate groups were in a syn-syn conformation, and isolated Zn2(OOC)2 dimer structures formed in 4, which act as secondary building units and form a framework with channels along the a-axis. It was found that disordered methanol and/or water solvate molecules are located in those channels [13] . It was clear that during the formation of 4, MeOH molecules acted as structural directing agents. We previously reported that when the MeOH solvate was removed from the channels, a porous structure with a maximum BET surface area of 270 m 2 · g −1 after thermal activation above 200 °C was found [13] . Further interest in the BET analysis, and sorption and desorption curves of this compound can be found in more details in our previous paper. TBC ligands in 2 connect four Zn(II) atoms through N(1) and N(4) nitrogen atoms from tetrozolate groups and two syn-anti O atoms from carboxylate group. Each Zn(II) was four-coordinated by four TBC ligands. In the analysis of the topology of 2, the TBC ligands can be treated as 4-connecting building units in 2, and the structure of 2 therefore contained two types of 4-connecting nodes (Zn 2+ and TBC). In MOF 4 ( Figure 5 ), TBC ligands bridged the Zn(II) ions through carboxylate groups in a syn-syn conformation to form isolated Zn2 clusters. In analysis of the topology of 4, such Zn2(TBC)2 dimers were secondary building units tetrahedrally connected by 1,4-N atoms from two tetrazolate groups. Therefore, MOF 4 contained only one type of 4-connected node (Zn2 dimer). Both 2 and 4 belong to 4-connected 6 6 -net topology. However, the larger secondary building units of Zn2(TBC)2 resulted in a porous structure as MOF 4, while the distorted tetrahedral coordinated TBC as secondary building units in MOF 2 only generated a non-porous framework. TOPOS analysis revealed a GSI net for 1 and a gis net for 4. Efforts of using bulkier solvents, such as ethanol and isopropanol, to introduce new frameworks structures of the Zn-TBC system were not as successful. Only fine crystalline or gel like powders were obtained. Table 1 Powder X-ray Diffraction (PXRD) analysis of compound 1 showed excellent crystallinity for compound 1 as well as a good correlation to the simulated pattern obtained from the single crystal X-ray data sets as can be observed in Figure S1 in the supplementary data. As mentioned above, synthesis utilizing H2O and MeOH resulted in high quantities of compound 2, and a very minor amount of compound 3 ( Figure S2 ). We believed that the equipment we had available would not be sufficient to obtain information on MOF 3, but would only obtain a PXRD pattern of MOF 2. Therefore MOF 2 and 3 were both sent to Los Alamos National Labs and tested and compared at their facilities. Figure S2 in the supplementary data displays the findings of their tests on both samples, and the comparison of the experimental powder patterns and the simulated powder patterns. The comparison clearly shows that the major product of the MOF 3 synthesis was MOF 2, while very small peaks located at 2θ angles of 8°, 12°, and 16° are all attributed to MOF 3. On the other hand, PXRD patterns of MOF 2 demonstrated that the major product was the MOF 2 structure when compared to the simulated data, both data sets shared major peaks located at 2θ angles of 10.5°, 14°, 17°, and 18.5°. PXRD analysis of MOF 4 revealed good crystallinity for the sample, as well as major production of the MOF 4 phase in the sample. Figure S3 shows the comparison of the experimental data obtained for MOF 4 and the simulated data, and it can be clearly seen that both data sets have a good correlation with each other.
Thermal Gravimetric Analysis (TGA) measurements were performed only on MOF 2, and 4. Unfortunately there was not enough sample of purified MOF 3 to perform TGA analysis. Figure S4 in the supplementary data show the results of the TGA measurements for MOF 2. The TGA curve reveals that the water solvent is initially lost at a temperature range of 20-50 °C, then the MOF remains stable until a temperature of approximately 455 °C at which point the MOF decomposes. Similarly to MOF 2, MOF 4 also had a similar TGA curve as seen in Figure S5 . The methanol solvent is lost between a temperature range of 20-65 °C , MOF 4 then remains thermally stable until a temperature of about 430 °C, finally decomposing at higher temperatures.
Photoluminescent measurements of both compound 1 and MOF 4 were carried out in the solid state at room temperature ( Figure 6 ). Compound 1 demonstrated a maximum emission wavelength at 365 nm (λex = 310 nm), which is the same wavelength given by the powder form of the free H2TBC ligand. MOF 4 displayed a maximum emission at 450 nm (λex = 380 nm) in the solid state, which was similar to the previously reported emission spectra of MOF 2 (λem = 432 nm) [12] and 3 (λem = 438 nm) [8] , and can be assigned to the ligand-centered n-π* or π-π* charge transitions. Ethanol changed or thermal treated sample of 4 showed same emission spectra at the same excitation wavelength, which also suggested the ligand-centered charge transition mechanism. 
Experimental
Materials and General Methods
All the solvents and reagents for synthesis were commercially available and used as received. The infrared (IR) spectra were recorded on a Thermo Nicolet 6700 FTIR spectrometer (Thermo Electron Corporation, Madison, WI, USA) operating at a spectral resolution of 2 cm −1 accumulating 32 scans.
Powder X-ray diffraction (PXRD, Bruker AXS Inc., Madison, WI, USA) of complexes 2 and 3 were recorded on a Siemens D-500 X-ray diffractometer operating at 45 kV and 35 mA and using Cu Kα radiation. PXRD patterns of compounds 1 and 4 were recorded on a GBC Mini Materials Analyzer powder X-ray diffractometer (GBC Scientific Equipment, Arlington Heights, IL, USA) operating at 35 kV and 30 mA using Cu Kα radiation (λ = 1.5418 Å). The 2θ angles were recorded from 5° to 40°. TGA analyses were measured on an STA7200 Thermal Analysis System with a nitrogen flow of 100 cc/min. The temperature range was from 30 °C to 500 °C at a heating rate of 10 °C /min. Photoluminescence measurements were performed on a Shimadzu RF-5301 PC spectrofluorophotometer with a xenon lamp light source at ambient temperature.
Synthesis of 4-Tetrazolyl Benzenecarboxylic Acid
Sodium azide (364 mg, 5.6 mmol), and 4-cyanobenzoic acid (823 g, 5.6 mmol) were measured and placed in a beaker and dissolved in a 1:1 solution of ethanol (25 mL) and water (25 mL). The solution was sonicated and transferred to a Teflon-lined autoclave, which was placed in the oven at 150 °C for 24 h. The autoclave was removed from the oven and allowed to cool to room temperature. The white precipitate was then collected into a beaker and washed with deionized water. The precipitate was then transferred to Hirsch funnel and filter flask to remove the water. The collected liquid was then treated with 0.1 M HCl to precipitate any deprotonated product within the solution. The solution was passed again through the Hirsch funnel and washed with fresh deionized water. The precipitate was then placed in the oven at 150 °C for 10 min, and then in another oven set at 85 °C for one hour to completely dry the sample. Yield: 1.0249 g (~96%). FT-IR analysis showed the removal of the cyano groups located at around 2100 cm −1 , and the formation of peaks at 1400 cm −1 indicating a tetrazolate group in the structure, and peaks at 1600 cm −1 indicating the existence of the carboxylate group ( Figure S6 ).
Crystallization of 4-Tetrazolyl Benzenecarboxylic Acid, 1
Zn(NO3)2· 6H2O (500 mg, 1.68 mmol), and 4-tetrazolyl benzenecarboxylic acid (78 mg, 0.419 mmol) were measured in a 4:1 ration and dissolved in water (50 mL). The solution was sonicated and transferred to a Teflon-lined autoclave and placed in an oven set at 150 °C for 3 days. The autoclave was allowed to cool to room temperature. The gel like sample was collected into a capped vial and washed with fresh water. The sample consisted of long hair-like crystals. Inspection via single crystal X-ray crystallography of the sample revealed crystallized 4-tetrazolyl benzenecarboxylic acid.
Synthesis of Zn2(TBC)2, 2
Zn(NO3)· 6H2O (200 mg, 0.673 mmol), and 4-tetrazolyl benzenecarboxylic acid (150 mg, 0.806 mmol) were placed in a vial and dissolved in 10 mL of water and sonicated until a homogenous solution was formed. The solution was then transferred to a Teflon-lined autoclave and inserted into an oven at 150 °C for 3 days. The autoclave was removed from the oven and allowed to cool to room temperature for about 3 h. The crystals recovered were washed with fresh water and placed in a vial to be sonicated to remove any powder in the crystal sample. The resulting crystals were yellow fine powder plate crystals.
Synthesis of Zn2(TBC)2(H2O), 3
Zn(NO3)2· 6H2O (0.2 g, 0.68 mmol) and 4-tetrazolyl benzenecarboxylic acid (0.15 g, 0.79 mmol) were added into mixed methanol (5 mL) and water (5 mL) solution. The mixture was transferred to a Teflon-lined autoclave and placed inside an oven at 150 °C for 3 days. The autoclave was then placed on a counter for about 3 h to allow the temperature to decrease to room temperature. The crystals were recovered and washed with a fresh mixture of methanol and water. Only a few crystals of compound 3 could be recovered to do single crystal X-ray analysis, the rest of the crystals were made up of MOF 2 crystals.
Synthesis of [Zn2(TBC)2(MeOH)]0.5(H2O), 4
Zn(NO3)· 6H2O (100 mg, 0.337 mmol), and 4-tetrazolyl benzenecarboxylic acid (62 mg, 0.333 mmol) were measured and dissolved in 10 mL of methanol. The solution was sonicated until a homogenous solution was achieved. The solution was then transferred to a Teflon-lined autoclave and inserted into an oven at a temperature of 150 °C for 3 days. The autoclave was then placed on a counter for about 3 h to allow the temperature to decrease to room temperature. The crystals were then recovered, placed in a vial, washed with fresh methanol, and sonicated to remove any excess powder. The resulsting crystals were white fine powder plate crystals.
Computational Calculations
The Gaussian 09W software (Gaussian Inc., Wallingford, CT, USA) was utilized to optimize the structure and perform the charge distribution calculations. The Gaussview 5.0 program draws the molecular structure of TBC with the charge distribution distinguished by APT color schemes.
Crystal Structure Determination
Single crystals of each compound were selected using a cross-polarized light microscope. The crystal data sets were collected with a Bruker APEX-II CCD diffractometer (Bruker AXS Inc., Madison, WI, USA) using the SAINT+ ver. 6.2 software [18] with graphite-monochromated Mo-K radiation using phi/omega scans. The crystal was mounted onto the diffractometer at a temperature of 100 K under liquid nitrogen. Three scans were performed with 364 frames for each scan. The structures were solved using the SHELXTL program [19] package and the non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were added at idealized positions, and a riding model was used for subsequent refinement. 
Conclusions
There are advantages of using hybrid-functional groups' ligands to synthesize multi-topology MOFs, especially when applying structural directing agents to form porous frameworks, such as in the case of framework 4. However, as demonstrated in our study of the reactions of TBC ligands with zinc, it is important to first understand the coordination behaviors of such ligands, especially the coordination modes with metal ions to control the structure of the desired products. In the aqueous and alcoholic solvents, the "opposite-on" µ2-N(1), N(4) coordination mode of the tetrazolate group of TBC with Zn (II) prevented formation of Zn clusters to introduce highly opened porous structures. Because of this coordination mode, although the frameworks of all three MOFs are different, the connections of ligands were all through isolated Zn ions, thus leading to ligand centered charge transitions that can therefore control the fluorescent property of the frameworks. All three MOFs exhibit a similar emission wavelength with maximum intensity of ~440 nm. The influences of the electron donor or acceptor groups on the coordination behaviors of such TBC type ligands are under investigation to expand the coordination mode for the tetrazolate groups. Despite previous reports, this study synthesized framework 2 utilizing H2BTC as a precursor and Zn(NO3)· 6H2O as the metal source under hydrothermal conditions. Hence, solvothermal technique served as a potential tool for synthesizing new, and interesting frameworks by just varying the solvent system and keeping other parameters unchanged. This study revealed that simply changing one parameter in the synthetic technique can have significant effects on the formation of certain topologies of MOFs. 
